Following injury, the mammalian spinal cord forms a glial scar and fails to regenerate. In contrast, spinal cord tissue of vertebrate fish regenerates and restores function. Cord transection in zebrafish (Danio rerio) initially causes paralysis and neural cell death, with subsequent ependymal glial proliferation, extension of bipolar glia across the lesion, and neurogenesis.
Introduction
Spinal cord injury causes life-long physical disability. The goal of contemporary treatment is to limit morbidity by stabilizing the injury and managing inflammation, but restoration of function is unattainable (1) (2) (3) . For many decades glucocorticoid (GC) therapy has been considered a means for limiting tissue damage and functional loss after spinal cord injury (1, 2, 4) . Reevaluation of evidence from this early work revealed study design limitations, and subsequent post hoc analyses failed to validate improvements in the critical primary outcome measures of motor and sensory function (5) (6) (7) (8) . The inconsistency in reported results and significant systemic complications have led surgical societies to downgrade the recommendation of GC therapy from the previous standard-of-care for medical practice (highest scientific validity) to an option (lowest validity) (9, 10) . Nevertheless, spine surgeons continue to employ GCs in treating spinal cord injuries (3) . Mechanistic investigation is needed to resolve this controversial issue.
Lack of significant regeneration after mammalian cord injury is commonly attributed to spinal neuron loss, quiescence of spared cells, inflammation, and a non-permissive microenvironment for axon regrowth. Despite evidence that astroglia can support regeneration (11) , the scar formed by reactive astroglial proliferation is considered a barrier to axon regrowth and functional recovery (12) (13) (14) . The nonpermissive environment of the injury site limits interpretation of potential positive and negative regulators of mammalian cord regeneration.
As a complementary approach, comparison of signaling events in a regeneration-permissive vertebrate model holds potential to unmask differences in the mammalian signaling pathways induced by spinal cord injury. The zebrafish is a powerful model for identifying novel molecular and cellular mechanisms that regulate neural repair because its spinal cord regenerates functionally following complete transection (15, 16) This is in part due to re-entry of ependymal glia, a type of radial glia, into the cell cycle. These cells also form bipolar bridges that span the lesion to support axon regeneration (17, 18) , and yield multipotent neural precursor cells that replenish lost neural cell types (19, 20) .
In zebrafish models of acute CNS injury (both adult brain injury [21] and transecting spinal cord injury [22] ), administration of GCs suppressed immune cell infiltration and this correlated with reduction of radial glial proliferation and regeneration. The role of GCs in regulating CNS neurogenic niches is poorly defined, but they have been reported to attenuate hippocampal neurogenesis in mammals and regeneration competence in the chick retina (23-26).
A prominent GC receptor that is common to mammals and zebrafish is Nuclear receptor subfamily 3, group C, member 1 (Nr3c1, 27, 28). When ligated by GC, this intracellular receptor enters the nucleus and serves as a transcription factor (29). Its binding to DNA encoding GC response element sequences stimulates transcription of target genes (30), particularly those promoting anti-inflammatory pathways (31). Nr3c1 is expressed widely in the adult rat spinal cord and increases within 4 h of spinal cord injury (32). Yet the mechanistic actions of GCs on neural cells during functional regeneration after cord injury remain undetermined.
While investigating mechanisms underlying functional regeneration of the injured spinal cord in larval zebrafish, we discovered that GCs inhibit neural repair by targeting Nr3c1-expressing ependymal glia. Comparative investigation in adult rats revealed that the signaling activity of this receptor in ependymal glia was inversely regulated following complete spinal cord transection.
These complementary data plausibly explain the limited neural repair that occurs in the mammalian CNS, and suggest that conventionally-administered high-dose corticosteroid therapy likely compounds failure of the injured spinal cord to regenerate.
Results

Ependymal glial Nr3c1 is inversely regulated in zebrafish and rat after spinal cord injury
Regeneration of the injured spinal cord in zebrafish is potentially regulated by loss of the inhibitory signals that normally constrain regeneration-competent cells in a latent state. Based on earlier studies in zebrafish (21, 22) and chicks (25, 26), we hypothesized that GCs were an inhibitory factor. We therefore sought to identify and compare the cell types targeted by GCs after spinal cord injury in the robust regenerative model of larval zebrafish and the nonpermissive milieu of adult rats.
Although recognized to be expressed widely (32), little is known of the activity of the neural GC receptor Nr3c1 in spinal cord regeneration. To identify the cellular targets of GCs and investigate the potential role of Nr3c1 in neural repair, we immunostained neural tissue adjacent to a cord lesion (Fig. 1A-C) . In non-injured control fish, Nr3c1 immunoreactivity was strong in nuclei of ependymal glia (positive for glial fibrillary acidic protein [Gfap,]) surrounding the central canal (Fig. 1A) . The nuclear Nr3c1 localization was consistent with constitutive receptor stimulation.
Gfap-negative cells that highly expressed nuclear Nr3c1 were identified as neurons (dual HuC/D nuclear immunoreactivity, not shown). Following spinal cord injury, Nr3c1 immunoreactivity was reduced in intensity. By 24 h post spinal cord injury, Nr3c1 was cytoplasmic in ependymal glia, and immunoreactivity was decreased further at 48 h ( Fig.1 B, C) . The observation of decreased expression and cytoplasmic redistribution of Nr3c1 was consistent with loss of Nr3c1 signaling following transecting injury. The dynamic Nr3c1 expression suggested that ependymal glia were a potential GC target.
Comparative immunohistochemical staining of non-injured rat spinal cord revealed NR3C1 immunoreactivity co-expressed with vimentin in ependymal glia surrounding the central canal ( Fig. 1 D, E) . By 48 h post spinal cord injury, NR3C1 expression in rat ependymal glia had dramatically redistributed from the cytoplasm to the nuclear compartment. The nuclear translocation of NR3C1 indicated receptor activation. Thus, NR3C1 distribution and expression are differentially regulated in ependymal glia after spinal cord injury in rats compared to zebrafish. NR3C1 expression in ependymal glia implicates a direct effect of GCs on these neural cells. 
Glucocorticoids block functional recovery from spinal cord injury via Nr3c1
Finding that Nr3c1 expression is differentially regulated following spinal cord injury in larval zebrafish and adult rats led us to investigate whether GC pathway activation might be sufficient to block functional regeneration. In larval zebrafish, functional recovery from spinal cord injury is robust by 120 h after transection (33, 34). We used a quantitative locomotor recovery assay (17) to evaluate functional improvement of swimming ability as an outcome measure after complete spinal cord transection. Compared to non-injured control fish, the swimming response was severely impaired at 6 h, but had improved by 24 and 48 h after transection (Fig. 2) . We concluded from these findings that impairment of locomotor recovery in Dex recipients is attributable to regulation of a critical aspect of regeneration rather than to altered cell viability.
Glucocorticoids inhibit regeneration-supporting ependymal glia
Earlier studies demonstrated an increased number of neurogenic ependymal glia reentering the cell cycle after cord injury (17, 19, 20, 35) . However, the regulating molecular processes are not fully understood. Based on our data concerning Nr3c1 expression in the zebrafish spinal cord (Fig. 1) , we hypothesized that GCs inhibit functional recovery by impairing the capacity of ependymal glia to support regeneration.
To evaluate the potential role of GCs in regulating cell division following spinal cord injury, we counted proliferating neural cells (PCNA-positive nuclei) within 100 µm of the lesion center, comparing Dex-treated and non-treated zebrafish (Fig. 3 A-D We next investigated whether GCs might modulate axon regrowth in the context of morphological changes in ependymal glia of Tg(gfap:EGFP) zebrafish treated with Dex (Fig. 4) .
Acetylated tubulin immunoreactivity identified axons in whole-mount preparations. We measured axons and ependymal glia at the lesion site at specified time points by corrected total fluorescence (38; Fig. 4I,) . Cords of non-injured control fish were densely populated with axons and ependymal glia. At 12 h after injury, the earliest time point studied, the fluorescence intensity of axons and ependymal glia was significantly reduced (quantification Overall, our data demonstrate that attenuation of neurogenesis by GCs following spinal cord injury is likely due to inhibition of ependymal glial proliferation (Fig. 3) , which is the source of new neural cells. 6 ). At 48 h, the peak of ependymal glial proliferation (Fig. 3) , injured clo m39 spinal cords contained significantly more PCNA-positive nuclei (96.8 ± 12.6) than non-injured cords (7.5 ± 2.0, p < 0.01), but did not differ significantly from transected wild-type cords (106.5 ± 4.6, p = 0.61). These results suggested that initiation of spinal cord regeneration is independent of hematopoiesis-derived cells. To determine if GCs directly affect ependymal glia, we investigated Nr3c1 expression after exposure to Dex (Fig. 7 A-C) . Similar to non-injured controls ( regeneration. Based on these reports, we hypothesized that GCs were inhibitory to regeneration.
We sought to clarify the mechanism by identifying and comparing the cellular targets of GCs administered after cord transection in larval zebrafish and rats.
Our finding of Nr3c1 immunolocalization throughout spinal cord tissues in both larval zebrafish and adult rats supports wide-spread expression in the CNS. Whereas the nuclear Nr3c1 localization in ependymal glia of non-injured fish indicates intrinsic signaling activity, the cytoplasmic distribution in rats suggests low constitutive activity without injury. The changes in Nr3c1 distribution induced by spinal cord injury in the two species supports the notion that signaling activity is regulated bi-directionally: becoming cytoplasmic (inactive) in zebrafish and nuclear (active) in rats. Investigation in the SR4G transgenic reporter zebrafish confirmed that GC receptor signaling was constitutively active in ependymal glia, but it was less active 4 h after injury (not shown) and was no longer detectable at 24 h, coinciding with the onset of cell 
STAR Methods
Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled by John R. Henley, Ph.D. (henley.john@mayo.edu).
Experimental Model and Subject Details
Wild-type stocks were derived from offspring of adult zebrafish purchased from Segrest Farms probed with a microhook to confirm complete transection. Rats were housed individually in low walled cages, and soft chow was provided on the cage floor. Following surgery, intraperitoneal saline was injected (5 mL) and bladders were squeezed twice daily. Urine was examined for signs of infection. Analgesics and antibiotics were given as needed.
Rat Tissue Preparation
After killing by intraperitoneal injection of 0. 
Zebrafish Whole mount Immunohistochemistry and EdU
Zebrafish were fixed overnight at 4˚C in either 9:1 ethanolic formaldehyde (100% ethanol:37%
formaldehyde; for PCNA) or 4% PFA (4% paraformaldehyde, 5% sucrose, 1x PBS) then stored in methanol at -20˚C. Rehydration with 1x PBS containing 1% Triton X-100 and by bleaching with 1% H2O2 and 5% formamide diluted in 1x PBS under intense light exposure was followed movements were sustained for a longer period of time and became coordinated; 5, locomotion of the spinal cord injured zebrafish were indistinguishable from no injury counterparts. Scores were obtained from the average values of each fish in triplicate.
TALENs
Targeted mutation of nr3c1 with Transcription activator-like effector nucleases (TALENs) was performed as previously described in Krug et al (46). Briefly, one-cell embryos were microinjected with 50 pg of mRNA encoding nr3c1 targeting or non-targeting GM2 TALEN pairs. Mutation of nr3c1 was confirmed by RT-PCR (not shown) and immunohistochemical detection of Nr3c1 (Supp. Fig. 1 ).
Quantification and Statistical Analysis
Microscopy was performed with an Olympus Fluoview FV1000 confocal microscope. Cell counts from lateral views of whole-mounted zebrafish were obtained within 100 µm of the center of the lesioned tissue from 20 µm thick confocal z-stacks. Alternatively, 10 µm thick z-stacks were obtained from 6-consecutive spinal cord cross sections that spanned the lesioned tissue (Fig. 3) . Between 6 and 10 spinal cords were examined in each experimental time point, actual numbers are reported in figure legends. Images were cropped, high backgrounds reduced and low-intensity signals enhanced in Adobe Photoshop (Adobe Systems, San Jose, CA).
Fluorescence levels were modified identically in all layers within a panel and to all other panels in a figure. Statistical significance was calculated by using a Student's t-test (two-tailed and twosample unequal variance). Actual p-values are listed in the text, less than 0.05 and 0.01 were considered to be significant and highly significant, respectively. Regeneration of axons was quantified by corrected total fluorescence measurements (38). Integrated density calculations of
